Traditional histologic methods are limited in their ability to detect pathologic changes of CKD, of which cisplatin therapy is an important cause. In addition, poor reproducibility of available methods has limited analysis of the role of fibrosis in CKD. Highly labor-intensive serial sectioning studies have demonstrated that three-dimensional perspective can reveal useful morphologic information on cisplatin-induced CKD. By applying the new technique of multiphoton microscopy (MPM) with clearing to a new mouse model of cisplatin-induced CKD, we obtained detailed morphologic and collagen reconstructions of millimeterthick renal sections that provided new insights into pathophysiology. Quantitative analysis revealed that a major long-term cisplatin effect is reduction in the number of cuboidal cells of the glomerular capsule, a change we term the "uncapped glomerulus lesion." Glomerulotubular disconnection was confirmed, but connection remnants between damaged tubules and atubular glomeruli were observed. Reductions in normal glomerular capsules corresponded to reductions in GFR. Mild increases in collagen were noted, but the fibrosis was not spatially correlated with atubular glomeruli. Glomerular volume and number remained unaltered with cisplatin exposure, but cortical tubulointerstitial mass decreased. In conclusion, new observations were made possible by using clearing MPM, demonstrating the utility of this technique for studies of renal disease. This technique should prove valuable for further characterizing the evolution of CKD with cisplatin therapy and of other conditions.
The inability of traditional histologic methods to adequately visualize a range of important morphologic changes has hampered the study of the natural history, pathophysiology, and treatment of renal damage in CKD. Through labor-intensive and technically challenging detailed three-dimensional analysis, past studies have described the evolution in chronic renal failure of glomerular capsules that appear unconnected to proximal tubules, so-called atubular glomeruli. [1] [2] [3] [4] [5] [6] These and other investigations have also shown a characteristic and physiologically relevant organization to the overall nephron that is not possible to assess in single histology sections. Past studies have shown poor reproducibility of semi-quantitative fibrosis measures on single sections, partly because of heterogeneity. [7] [8] [9] In addition, considerable investigation has addressed both the relevance and the challenges of measuring individual glomerular volumes in a variety of conditions. [10] [11] [12] Unfortunately, these important observations have failed to bring about the routine use of millimeter-scale three-dimensional histologic assessment of renal specimens, largely because of the difficulties associated with processing using traditional histologic techniques.
Multiphoton microscopy (MPM) has improved our ability to detect these morphologic changes and has proven useful for renal assessment. 13, 14 However, a significant limitation of this and other optical sectioning methods remains the relatively shallow accessible depth. Formalin fixation increases light scatter and further reduces the usable depth for high-resolution analysis to ,100 mm, even with low scattering excitation wavelengths of multiphoton lasers. Considering that mouse glomerular diameters are on the order of 50 mm, limited advantages are gained over traditional sectioning.
To overcome the depth limitations of sectioning microscopy, we have developed an approach to renal specimen processing that incorporates the use of clearing agents. Specifically, replacing water in tissue with a solution of benzyl alcohol/benzyl benzoate markedly reduces light scattering. With appropriate dyes, the preparation can extend the usable imaging depth of MPM by more than an order of magnitude, producing clear, high-resolution images at .1 mm of depth. 15, 16 In this article we describe the extension of this newly developed technique to the analysis of renal tissue in a mouse model of cisplatin-induced chronic renal failure.
Cisplatin is an effective chemotherapeutic agent whose nephrotoxicity restricts its utility. Administration of multiple cycles leads to permanent and irreversible loss of kidney function, 17, 18 but the cause of this progressive form of CKD is unknown. Prior studies suggest multifactorial mechanisms, including induction of apoptotic and cellular repair pathways, oxidative stress, and inflammatory responses. 19, 20 There is no known preventive therapy, and avoidance of additional doses Figure 1 . Cisplatin model shows physiologic evidence of chronic renal failure at 9 weeks. (A) Mice treated with two doses of cisplatin (n=4) showed significant (P,0.01) decreases in GFR starting at 4 weeks relative to controls (n=4). GFR remained low at 9 weeks after cisplatin (7 weeks after second dose). (B) Correspondingly, plasma creatinine remained markedly increased relative to controls (*P, 0.01) both at 9 weeks and up to 25 weeks after cisplatin administration, indicating chronic renal failure. Error bars, 6SEM.
Figure 2. Cisplatin model shows gross evidence of specific renal damage at 9 weeks. Two-dose CP mice (n=4) had perfused kidney weights that were 413 mg, versus 596 mg for age-matched controls (n=4) (P,0.01), with only minimally decreased overall final body weight at week 9. Column values are mean6SEM. Figure 3 . CP mouse kidneys showed immunohistochemical evidence of cell turnover at 9 weeks. There was a .3-fold increase in cellular proliferation rate by Ki67 immunohistochemistry (P,0.005) and a .10-fold increase in apoptosis by Tunel staining (P,0.05) in CP mouse kidneys (n=3) compared with controls (n=6). Box and whisker plot, #/hpf, number per high-power field.
limits the chances of successful treatment. Thus, there is considerable motivation to develop new tools for investigating cisplatin-induced CKD.
The potential effect of MPM with clearing for examination of renal failure with cisplatin use is highlighted by an in-depth morphologic analysis in rats presented by Marcussen. 2 He showed that cisplatin-associated nephrotoxicity leads to several morphology changes that are difficult or impossible to visualize in single histologic sections. These include atrophic changes in the epithelium of the glomerular capsule, changes in glomerular volume, and the evolution of atubular glomeruli.
Development of CKD, defined as a fixed loss of glomerular filtration capacity that may be progressive, is also associated with loss of renal mass and the accumulation of fibrous tissue. A long-held theory proposes that progressive accumulation of fibrous tissue is directly causally linked to loss of nephron function, 21 but the detailed mechanism remains elusive. Study of renal fibrosis has been helped by improved approaches for quantification using image analysis of histologic collagen stains, such as trichrome, anti-collagen III, and Sirius red. 8, 22 These stains have demonstrated improved precision and correlation with renal function measures compared with visual estimation, albeit to a limited degree. 9 Further improvements in characterization of renal collagen fibrosis with the use of second harmonic generation (SHG) have more recently been proposed. 23 Multiphoton excitation of collagen produces a nonfluorescent signal with high specificity. In this investigation, we have expanded the utility of SHG measurements by combining it with clearing, increasing significantly the volume that can be assessed for collagen fibrosis.
We have applied the combined MPM/ SHG/clearing approach to the quantitative measurement of histomorphologic changes that develop in response to cisplatin in a newly developed chronic renal failure model. The goal was to better characterize the pathophysiologic lesion in cisplatin-induced chronic renal failure and to demonstrate the utility of MPM/clearing as a tool for morphologic investigation in renal disease.
RESULTS
Murine Model of Cisplatin-Induced CKD Two doses of cisplatin administered to mice 2 weeks apart resulted in physiologic changes characteristic of CKD. Reductions in GFR were noticeable after a single administration but progressed rapidly to a permanent decline after a second dose ( Figure 1A) , showing a persistent decline in GFR of approximately 50% at 9 weeks. Plasma creatinine was correspondingly elevated compared with controls, demonstrating a .3-fold increase at 9 weeks and progressing further at 16 weeks ( Figure 1B) . As was seen in other CKD studies in this strain of mice, 24 the drop in GFR was not associated with a significant increase in albuminuria (data not shown). With the recognition that chronic renal failure was established at 9 weeks, this time-point was selected for detailed evaluation. At this 9-week time-point, treated mice showed decreases of 30% in formalin-perfused kidney weight relative to 9-week controls, while overall body weight was only minimally decreased ( Figure 2) .
The evolution of the pathologic lesion of chronic renal failure was confirmed using immunohistochemistry with Ki67 and Tunel. Specifically, there was evidence of significant cell turnover and increased apoptosis at 9 weeks after cisplatin administration ( Figure 3 ). Endothelial rarefaction was also detectable; renal sections showed marked decreases in CD34 staining that persisted into the 25th week, characteristic of CKD ( Figure 4A ). In addition, an increase in myofibroblast proliferation was visible by smooth muscle actin stain at week 9, persisting into week 25, and macrophage activity increased transiently around week 9, normalizing by week 25, confirming a CKD pattern of injury ( Figure 4 , B and C).
Traditional histology of midcoronal kidney sections from cisplatin-treated (CP) mice with hematoxylin and eosin staining show the reduction in gross dimensions of the kidney after cisplatin exposure ( Figure  5 ). There was apparent loss of interglomerular mass in CP kidneys, but there was no detectable glomerulosclerosis by histology. The normal appearance of the glomeruli at the light microscope level suggested that they may still be functioning; however, tubular connections could not be evaluated. Consistent differences in the morphology of tubules were also not readily discernible with traditional microscopy.
Three-Dimensional Morphologic Assessment by Multiphoton Microscopy
Multiphoton optical slices with 1 mm axial resolution and imaged in cleared tissue at 3-mm-deep intervals enabled analysis of millimeter-thick three-dimensional (3D) blocks of renal tissue and was of sufficient quality to identify all the morphologic features seen on traditional histology ( Figure 6 ). Note that the orientation of the tubular connection does not affect its detection by this technique because tubules Figure 6 . Multiphoton microscopy with clearing yields excellent morphologic detail at depth. A 1.3-mm-thick kidney coronal section from the midportion of the kidney could be reconstructed completely using multiphoton microscopy with benzyl alcohol/benzyl benzoate clearing (left). High-resolution images could be obtained throughout the entire thickness of the sample with excellent axial resolution (right). oriented perpendicular to the plane of virtual sectioning are readily identified when visualized in sequence, as can be visualized in the z-stack column (Figure 6 , right).
Systematic examination of tissue three-dimensional reconstructions revealed that a principal morphologic change associated with cisplatin exposure was loss of cuboidal cells that are contiguous with the flat parietal epithelium lining the Bowman capsule, a finding we describe as the "uncapped glomerular lesion." In control mice, approximately 50% (or more) of the surface of the capsule is covered by cells that are cuboidal in shape ( Figure 7A) ; the remainder are flat parietal epithelial cells. In mice, the cuboidal cells appear to merge with the cells of the proximal tubule and have a similar appearance, but they have not been fully functionally characterized. In CP mice, many glomeruli showed loss or thinning of the cuboidal cells lining the capsule (Figure 7 , B-D). In some cases, the cells of the proximal tubule at the junction with the Bowman capsule were decaying with irregular outlines and low protein staining or the proximal tubule was collapsed and could be traced to areas of cellularity without tubule definition ( Figure 7 , E and F). Cortical regions near most atubular glomeruli were devoid of tubules with only connective tissue, suggestive of complete tubular degeneration ( Figure 8 ). These were most often found at the cortical surface but also sparsely in the remainder of the cortex, likely reflecting the usual nephron orientation with convolutions near the cortex. The degenerating tubules surrounding atubular glomeruli showed weak protein staining and often lacked identifiable lumens (see also Figure 13 ). Some damaged tubules were traceable back to an uncapped or atubular glomerulus (see below). In coronal kidney sections of CP mice, the degenerated areas made up only a small proportion (,1%) of the cortical area, explaining why they may be missed in traditional histologic sections.
In general, glomeruli/nephrons could be grouped into several categories: (1) those with cuboidal cells surrounding .50% of a given glomerulus (and normal associated proximal tubules) (i.e., normal), (2) those with partial loss of capsular cuboidal cells, (3) those with complete absence of cuboidal cells, and (4) those without capsule cells and with no detectable connection to the proximal tubule (atubular glomeruli). Generally, those with a high cuboidal cell percentage had normal proximal tubules extending to medulla, while atubular glomeruli often showed nearby damaged tubules.
Three-dimensional reconstructions of the proximal nephron units best illustrate the range of these identified abnormalities in CP mice ( Figure 9 ). Virtual "in situ" dissections show that some glomeruli had complete cuboidal capsule cell loss but patent proximal tubule connections, extending to the medulla ( Figure 9B ). Other nephrons showed cuboidal capsular cell loss and patent proximal tubules but with tubules that terminated blindly ( Figure 9C ). The reconstructions shown in Figure 9 also demonstrate the capability to trace connections and examine the thick ascending limb, the macula densa contact, distal tubule, and connecting tubule second feedback loop contact point with the afferent arteriole.
Age-matched control mice also showed a few nephrons with reductions in cuboidal capsular cells and even rare atubular glomeruli, but manual/visual classification showed CP mice have a marked reduction in intact/normal nephrons relative to controls (53.1% versus 89.5%; P,0.0001) (Figure 10 ). Cisplatin exposure was associated with increases in capsules with absent cuboidal cells and more modest increases in nephrons with reduced cuboidal cells and atubular glomeruli.
Quantitative 3D Morphologic Changes in CP Mice
To more accurately characterize the cuboidal cell loss in CP mice, we measured the volume of cuboidal cells covering glomerular capsules (Figure 11 ). Even after exclusion of atubular glomeruli, the data show a striking reduction in the volume of cuboidal cells lining the Bowman capsule in CKD (mean volume, 85,000 cells/mm 3 versus 54,500 cells/mm 3 ; P,1e-20). These changes prompted evaluation of the expression of the endocytic receptor megalin, which in mice is normally expressed in proximal tubule cells as well as capsular cuboidal cells; in this strain, parietal epithelial cells are expected to be megalin negative. Traditional section histology showed a significant decrease in megalin-expressing glomeruli in response to cisplatin exposure with 90 of 393 (22.9%) random glomerular sections lacking megalin-positive capsule cells versus 19 of 325 (5.8%) controls (P,0.01) ( Figure 12) .
As previously noted, the glomerular capsules that did not have a visually detectable connection to proximal tubules by 3D analysis were characterized as atubular. These capsules invariably lacked cuboidal cells. Interestingly, high resolution z-stacks revealed that nearly all glomerular capsules characterized as "atubular" contained minimal tubular connection remnants that could be traced to damaged or partly damaged proximal tubules (Figure 13 ), a finding that may be helpful in elucidating the pathophysiologic process.
More detailed analysis of glomerular features revealed that direct volume measurements of glomeruli (excluding atubular glomeruli) showed no statistically significant difference between normal controls and CP mice (109310 3 glomeruli/mm 3 versus 112310 3 glomeruli/mm 3 ; P=0.40) ( Figure 14A ). However, in CP mice, "atubular" glomeruli were significantly smaller than other glomeruli (66310 3 glomeruli/mm 3 versus 112310 3 cells/mm 3 ; P,0.001) (Figure 15 ), possibly as a result of the increased capsular space pressure from blocked urinary flow at some point in their evolution. Notably, calculated glomerular volume derived from maximum diameter resulted in Note that the percentage of normal glomerular capsules approximates the GFR differences observed with physiologic measurements ( Figure 1 ). n=500 glomeruli/group; groups are four control mice at 9 weeks (Control) and four CP mice at 9 weeks (Cis Tx). results nearly identical to that from complete 3D measurements (data not shown).
Quantitative measures of glomerular number showed significantly increased density of glomeruli in the renal cortex in CP mice (210 versus 145 glomeruli/mm 3 ; P,0.001 ( Figure  16A ), providing indirect evidence of loss of nonglomerular cortical components. This finding was further supported by a manual counting estimation of total glomeruli per kidney on two mice that did not show any reduction in the total number of glomeruli in response to cisplatin (control mouse, 22,240 glomeruli/kidney; CP mouse, 23,820 glomeruli/kidney). Furthermore, coronal section area analysis showed more directly that there was a significant reduction in cortical tubulointerstitial cross-sectional area in CP mice (8.5560.2 versus 6.886 0.53 10 6 mm 2 /section; P,0.001) ( Figure  16B ). In this same analysis there was no significant change in glomerular area (controls versus CP mice, 249625 versus 262634310 3 mm 2 /section; P=0.12), corresponding to the direct volume and diameter measurements.
Use of large-scale 3D reconstructions of second harmonic generation signal yielded additional information about the cisplatinassociated chronic kidney lesion. Traditional Sirius red staining did not demonstrate any appreciable differences in degree or distribution of collagen between control and CP mice ( Figure 17) . Similarly, two-dimensional images of collagen distribution by SHG demonstrated some possible increases in peritubular collagen but did not clearly show marked differences between groups ( Figure 18 ). However, visual inspection of large-scale 3D reconstructions of SHG suggests mild to moderate increases in the amount of collagen in CP mice, manifesting mainly as thickened portions of the normally distributed collagen, which is primarily perivascular (Figure 19 ). Analysis of the stacks revealed an interslice variation approaching 2-fold in the collagen component of complete midcoronal kidney sections (e.g., 1.4%-2.5%), suggesting that single complete cross-section collagen analysis would not be able to reliably detect differences less than two times normal. Notably, no spatial correlation was found between areas of increased collagen fibrosis and defective nephrons, including no association of collagen with atubular glomeruli (Figures 18 and 20) . Also of interest, this analysis demonstrates that atubular glomeruli were found generally scattered throughout the cortex but with occasional clusters (Figure 20) . 
DISCUSSION
Physiologic and immunohistochemical measurements show that a newly developed two-dose cisplatin administration model in mice faithfully reproduces the CKD pattern seen in humans. Fixed renal insufficiency is present in treated animals and is accompanied by evolution toward a shrunken, damaged kidney, characterized by increases in activation of fibroblasts and endothelial rarefaction. The model meets criteria of chronic tubulointerstitial disease, mimicking the syndrome seen in humans after repeated exposure to cisplatin.
Despite the marked gross changes and secondary immunohistochemical evidence of repair, traditional hematoxylin and eosin and collagen stains did not elucidate the pathologic lesion. By combining the use of multiphoton microscopy with clearing, we expanded the morphologic analysis and adequately characterized changes that are directly associated with the evolution of CKD but not readily apparent on single histologic sections.
More than 1000 glomeruli and their associated proximal tubules were systematically analyzed in 3D detail for each kidney. Glomeruli remained largely intact, with some clusters of small atubular glomeruli detected. Degenerating tubules were found associated with atubular glomeruli, and tubulointerstitial mass loss appears predominantly responsible for the renal mass loss. A major finding was loss of cuboidal cells in the glomerular capsule in CKD. Additionally, large-scale 3D SHG imaging demonstrated moderate increases in overall collagen of the CP mice and significant heterogeneity. Examining a large portion of renal tissue sample at high resolution with multiphoton microscopy in cleared samples improved our ability to evaluate and investigate renal histology and fibrosis.
This study's findings complement previously reported observations in a rat model of cisplatin-induced renal failure in which meticulous, labor intensive, and time-consuming serial sectioning was applied to identify atubular glomeruli. 2, 4 More recently, Forbes et al. applied similar techniques to find proximal tubule injury and atubular glomeruli in a chronic obstruction model. 25 Our findings demonstrate conclusively that atubular glomeruli develop in cisplatin-induced chronic renal failure. However, our analysis suggests additional interpretations pertaining to cisplatin-induced CKD, including: (1) on the basis of the small proportion of atubular glomeruli, the decreased GFR is not solely dependent on their evolution, (2) loss of cuboidal cells lining the Bowman space is associated with decreased renal function, (3) there is little histologic evidence of glomerular damage or loss other than reductions in size of atubular glomeruli, (4) the reduction in kidney mass is primarily cortical tubulointerstitium, (5) "atubular" glomeruli are associated with damaged proximal tubules, and (6) collagen fibrosis does not play an obvious role in the evolution of atubular glomeruli. It is also notable that the percentage of normal-appearing glomerular capsules in control and CP mice corresponded almost exactly to the relative GFR. It remains undetermined whether capsular cuboidal cells represent modified parietal cells or extensions of the proximal tubule cells they simulate, but the morphology and megalin staining point to the latter. The physical connection between uncapped glomeruli and damaged tubules, associations of atubular glomeruli with degenerating tubules, and area analysis showing preferential loss of nonglomerular tubulointerstitium suggest that the "uncapped glomerular lesion" may be a sign of nonfunctional or poorly functioning nephron units. Correlative studies are needed to better characterize the pattern of progression of the morphologic findings during CKD evolution for a better understanding of the pathophysiology. Given that prior studies have shown morphologic similarities between cisplatininduced injury and obstructive CKD, the inferences drawn from the current study may be more broadly applicable.
In addition, the potential for other informative findings from the clearing/MPM data are apparent from the partial virtual nephron dissections. It is possible to systematically identify and trace the entire nephron. More detailed examination of complete individual nephrons at different points after exposure to toxins could help characterize the natural history of morphologic changes and pinpoint key anatomic locations.
CONCISE METHODS
Detailed methods are provided in the Supplemental Data.
Murine Model of Cisplatin-Induced CKD
Ten-week-old C57BL/6 mice (Harlan-SpragueDawley) were administered two doses of cisplatin (Aldrich 479306; 15 mg/kg in sterile saline delivered intraperitoneally) 2 weeks apart under brief isoflurane anesthesia. In an initial study, kidneys were harvested at 9 and 25 weeks. In a subsequent study, GFR was measured by FITC-inulin clearance up to9 weeks after the first injection of cisplatin. Kidneys were perfusion fixed with 4% formaldehyde at euthanasia to preserve dilation of fluid-filled spaces and facilitate multiphoton microscope analysis; perfusion pressure was not normalized. Kidneys were divided midcoronally and sections were split for paraffin embedding with routine tissue histologic analysis and MPM.
Immunohistochemistry/ Immunofluorescence
Immunohistochemical and immunofluorescent staining and scoring were performed for Ki-67, Tunel, a-smooth muscle actin, F4/80, and CD34 as previously described, with blinded scoring performed by an expert renal pathologist using a square grid technique. [26] [27] [28] Tissue Clearing and Multiphoton Microscopy Formalin-fixed mouse kidneys were cut midcoronally into roughly 1-mm tissue sections with a razor blade. The sections were transferred into a methanol solution containing 0.5% volume eosin (final concentration approximately 1 mM), then stored overnight heated at 42°C. Subsequently the samples were transferred to a 100% solution of benzyl alcohol/benzyl benzoate in 1:2 ratio for approximately 2 hours before being imaged on a custom-built multiphoton microscope based on a Ti-sapphire laser.
Image Processing and Analysis
Collected image stacks were processed and visualized using macros programmed on the FIJI implementation of ImageJ, 29 including the Grid/Collection stitching plugin. 30 Downsampling to 25% of original resolution was performed for the low-power visualization of the largest stacks as well as for SHG analysis. The final SHG 3D reconstructions were created using Imaris (Bitplane AG, Zurich, Switzerland).
Glomeruli and tubular connections in an image stack representing a fixed volume of kidney were individually identified and tagged using Fiji. Glomerular tuft diameters were determined by identifying the largest cross-sectional profile in the image stack and recording the average of the maximum and minimum diameters. Glomerular volume distribution was determined by manual tracing of glomerular outline through all sections, extraction of area, multiplication by z-step size, and addition of volumes. Single glomerulus/tubule 3D reconstructions were achieved by tracing corresponding sections in consecutive stack slices and composing the tracings into volumes using ImageJ's built-in 3D volume plugin.
Quantitative Calculations and Statistical Analyses
Glomerular density was determined by manually counting the number of glomeruli in measured volumes. Coronal slices were divided into 60-micron-thick sections and 1.2-mm-thick slices from center coronal sections were evaluated from CP mice at 9 weeks after initial dose compared with control mice of same age. Statistical comparisons for physiologic tests and distributions of glomerular volume, cuboidal cell volume, and tubulointerstitial area were based on two-tailed t test. Categorical tests of capsular integrity and immunohistochemical square grid data were compared using Pearson chi-squared test. Total glomeruli per kidney were estimated by multiplying the total number of glomeruli in the coronal slices by the fractional weight of the coronal slice relative the total kidney weight with approximately 10% of each kidney imaged and analyzed. Fractional surface area measurements were performed by manually isolating cortical section, extraction of glomeruli, and using a pixel threshold that excluded tubular and vascular spaces. Thus, tubule-interstitial area corresponds to cellular mass only, reducing impact of perfusion pressure variations. There is apparent mild increase in overall collagen in CP mouse kidney, still oriented perivascularly. Scale bar=500 mm.
